ABSTRACT There is increasing demand for continued development in personal mobility vehicles, because many people want to use them to improve their life. For example, wheelchair users, including people with disabilities, need powered wheelchairs for their daily activities, and elderly people expect to use mobile platforms for better quality of life. There are two main research targets for these types of vehicles: more intelligence and higher mobility performance. This paper discusses the latter topic. The vehicle proposed in this paper has high mobility performance on rough terrain; notably, it has the capability of traversing steps obliquely, even though conventional vehicles are supposed to move on steps only from the very front of the steps, not obliquely. Its performance for climbing up/down steps is evaluated in this paper, which is an evaluation for climbing up steps that consists of seven patterns of approach angles to the step for one step and two steps. Tests for climbing down steps were also conducted. Through those tests, the ability of our vehicle to traverse steps obliquely was confirmed.
I. INTRODUCTION
More than one-fourth of the population in Japan was reported to be over 65 years old in 2015, and the ratio of elderly people in Japan is increasing. In general, mobility platforms, such as powered wheelchairs, are helpful in enabling the daily outdoor activities of elderly people because their physical capabilities tend to weaken. In addition, various surveys say that people with disabilities using wheelchairs represent an estimated 1% of the population. This information gives the context explaining the increasing demand for developments in mobile platforms for personal use (personal mobility vehicle, PMV) [1] , [2] .
There are two streams in PMV research: to have more intelligence and to have more mobility performance. The main topics in increasing intelligence are on self-driving systems for PMVs and drive assist systems for powered wheelchairs. Self-driving technology can reduce the number of traffic accidents by PMVs because the technology supports the decision making of elderly people in response to their surrounding environments given that the reaction time of elderly people becomes slower. Since an intelligent PMV is obviously convenient for all people, much research on this topic has been conducted globally [3] . In addition, drive assist systems for powered wheelchairs are useful because people who suffer from severe disabilities have difficulties driving their wheelchairs in unknown environments. This field of research is also active [4] - [6] .
Many studies have been performed to improve the mobility performance of PMVs. The PerMMA Gen II robotic wheelchair [7] was developed for research purposes, and a study on climbing stairs was conducted. A stair-climbing wheelchair with two clusters of four wheels was also developed for research purposes [8] . MEBot [9] is another PMV for research purposes, which was developed based on a survey of user needs. These proposed devices are for research aiming to improve PMV mobility performance on uneven terrain. In addition, commercial PMVs with high mobility performance also exist. IBot is a good example of a PMV with high mobility performance on rough terrain, including stairs. This vehicle was developed and sold to the public in the 1990s, and some studies on the iBot have been reported [10] . TopChair is another example of a commercial powered wheelchair with high mobility performance [11] .
All of the above vehicles have high mobility performance for steps and stairs; however, they are assumed to climb up/down that type of terrain at a right angle to the front surface of the terrain. That means they can cross the obstacle only from the very front. In other words, situations where the left and right wheels of the vehicle go up/down simultaneously are presumed to be necessary. Under this constraint, a vehicle cannot deal with crossing steps at an arbitrary angle against the step, that is, the vehicle cannot cross steps obliquely.
To solve this problem, we have developed RT-Mover-type PMVs, which can lift each wheel up and down in accordance with the terrain [12] . For a vehicle to cross a step obliquely, it is required that each wheel be able to climb independently, not simultaneously with the left and right wheels, because the timing of each wheel meeting the step differs.
In this paper, we evaluate the mobility performance of RTMover PType WA (P-WA) [13] for steps from the following points of view:
• How many steps can P-WA deal with?
• At how severe an angle can P-WA obliquely climb up/down steps? There has been no discussion on the above matter even though crossing steps obliquely is important in practical uses. P-WA is the latest version of RT-Mover series PMV, and it won fourth place in the world in the powered wheelchair discipline at Cybathlon, 2016. At the Cybathlon competition, P-WA climbed up and down three-step stairs stably.
In the next section, P-WA is introduced in detail, and in section 3, the P-WA control algorithm is explained. Then, methods to evaluate the mobility performance of P-WA for steps are introduced. In section 5, results based on simulation data are discussed. Finally, conclusions are derived. II. RT-MOVER PType WA (P-WA) Figure 1 shows P-WA, and Table 1 displays the main specifications of P-WA. Its size is almost the same as that of a powered wheelchair, and one person (under 70 kg weight) can ride on it. The concepts behind P-WA are as follows: • The vehicle is to be primarily wheel-powered, because the first priority is given to efficient travel and high speed capability over paved roads, which are the main usage environment.
• The simplest mechanical structure to negotiate steps is added to this wheeled vehicle.
• The seat posture is to be maintained in a horizontal position even when negotiating rough terrain. The mechanical design of the RT-Mover series has previously been discussed in detail [14] .
P-WA has front and rear units, which consist of steering and rolling axes. Two active wheels are mounted on the outside of each unit. The pitch axis is for the seat. Two slider mechanisms for the seat are installed-left/right and forward/backward. The active footrest is moved to avoid selfcollision against the body. In total, P-WA in this paper has 12 degrees of freedom, and the actuators for them are shown in Table 1 .
P-WA can lift/lower a wheel by using a rolling axis and move the wheel forward by using a steering axis. The seat posture can be controlled horizontally by using rolling and pitch axes. Figure 2 displays the center of gravity (COG) of P-WA. The X, Y and Z axes of the body are indicated in Fig. 2 . The COG is calculated as follows:
Here, M u is the mass of the upper part including a driver (in this paper, the weight of the driver is 65 kg). Figure 3 shows the frame model of P-WA, which is vertically projected to the ground. In Figure 3 (d), there is one leg-motion wheel and three support wheels. The leg-motion VOLUME 5, 2017 FIGURE 2. Center of gravity of P-WA including a driver. wheel is lifted from the ground, and the body is supported by the three support wheels. The support polygon, in this case, is a triangle generated by the three support wheels. If all four wheels support P-WA, the support polygon is a quadrangle. The stability margin is the minimum distance between the COG of P-WA including a driver and a side of the support polygon. If the COG is within the support triangle, the stability margin is more than 0, and P-WA can stand statically on the three support wheels.
The computer, sensor and electrical system of P-WA are shown in Fig. 4 . The command from a driver is given using a joystick via an Ethernet connection. The main CPU is an SH-7785 (600 MHz) by RENESAS, and each motor has its own encoder. A posture sensor that can measure the pitch and roll angles of the seat is installed under the seat of P-WA, and each wheel is equipped with three photoelectric sensors with different angles (0 • , 45 • , 90 • , Fig. 1 ). Photoelectric sensors are mounted and shifted in the X direction due to space limitations. Under this setting, the detection point of the sensor may differ depending on its direction to an obstacle ( Fig. 1(*) ), which is why the detection distance of the sensor is set with an approximately 5 cm-margin to detect an obstacle.
III. CONTROL ALGORITHM
In this paper, there are two operation modes for P-WA, that is, wheel mode and leg mode. Normally, P-WA moves under the wheel mode and uses the leg mode when negotiating obstacles, including upward/downward steps. In order to keep the seat horizontal when in wheel mode, each of the pitch and front/rear rolling axes has the following control law:
where T d is the target torque, θ is the seat angle, θ d is the targeted seat angle (= 0), K is the angle gain, and D is the angular velocity gain. In the wheel mode, the seat slider lateral position is set to zero, and the longitudinal position of the seat is set by the controller as follows when on rough terrain: • The vertically projected seat position is set to the center of the vertically projected body. When facing an obstacle in front of a wheel, the operation mode changes to the leg mode. Figure 5 shows the flowchart of the control structure of P-WA. The detection of an obstacle (upward step)/the edge of the downward step is decided by a photoelectric sensor at each wheel (Fig. 5) . On a flat plane, Sensor 0 is used for detection for an edge, and Sensor 2 is for detection of an upward step. When the body of P-WA tilts more than 15 • downward, Sensor 1 is for detection of an edge, and Sensor 2 is for detection of an upward step. When the body of P-WA tilts more than 15 • upward, Sensor 1 or 2 is for detection of an upward step, and no sensor is for an edge.
The leg motion in the leg mode (Fig. 5) is the main part of negotiating an obstacle/edge. The leg motion is composed of U1, U2 and U3 periods for an upward step or D1 and D2 periods for a downward step (The U1, 2, and 3 and D1 and 2 periods are displayed in Figs. 8 and 10-12). U1 or D1 is the period for shifting the COG of P-WA including the driver within the support polygon for better stability. In this paper, the COG is moved by the controller as follows:
• For the longitudinal position, the vertically projected seat position is set to the center of the vertically projected body + some margin (0.15 m).
• For the lateral position, the seat position is set to the center of the half width (0.15 m) of the wheelbase at the other side of the leg-motion wheel. The values of the margins are decided experimentally, considering both the stability margin and the speed of the slider.
During the U2 or D2 period, P-WA moves the leg-motion wheel. If an upward step exists in front of the front-left wheel, that wheel becomes the leg-motion wheel (Fig. 3(b)(d) ) The leg-motion wheel advances by pivoting at the front-right wheel. The front steering turns at a constant value,θ str , for one footstep angle, θ foot . When the front-left wheel hits the upward step (if the front steering velocity becomes less than 60% of the target value (experimentally decided), the system detects hitting the obstacle), the wheel is lifted by rotating the front rolling axis at a constant value,θ r . When lifting the wheel, the angular velocity of the front steering becomes small in order to maintain the position of the wheel against the step. During this period, the opposite rolling axis (rear rolling in this case) and the pitching axis of the seat are controlled under Eq. (3) to keep the seat horizontal. By doing the above, the front-left wheel moves according to the terrain surface shown in Fig. 3(c) . In this paper,θ str = 0.3 rad/s, θ foot = 25 • , andθ r = 0.3 rad/s.
If the edge of a downward step exists in front of a wheel, the leg-motion-side steering is controlled at the same speed, θ str . The difference of ''for edge (downward step)'' is that the leg-motion-side rolling axis is controlled by Eq. (3) (posture control), while it is angle-controlled in the case of the''for obstacle (upward step).'' During U2 or D2 periods, support wheels of the opposite side against the leg-motion side should be controlled as in Fig. 3(b) . V P is the velocity of the center of the front arm, P, and this value is calculated byθ str . V P W 3 is the velocity of P only if the rear-left wheel advances by pivoting at the rear-right wheel. The velocities of the rear wheels are derived as follows [14] :
The U3 period is just for calm, such as staying under the same configuration of P-WA. It is experimentally added to consider the static motion of P-WA, and exists only in the step-up motion for front wheels.
The recovering motion in Figure 5 is to reset each steering angle after the leg motion, first for the front steering and then for the rear steering. By the same motion as the leg motion ( Fig. 3(b) ,θ str2 = 0.15 rad/s), the steering angles are reset to zero. Here, the front wheel in the left or right becomes the pivoting wheel. The seat slider position is also reset to the position in the wheel mode. If the system detects a new obstacle/edge during this motion, the new leg motion begins immediately.
The limitations of this algorithm are primarily as follows:
• In the case of Fig. 3(b) , this algorithm does not consider meeting an obstacle with the rear wheels.
• The angle of one footstep is not adjustable, that is, it is constant. In spite of these limitations, it is valuable to evaluate the current algorithm for oblique approaches to steps, because the high mobility performance of P-WA was already displayed at Cybathlon 2016. In addition, in order to adjust the footstep angle according to rough terrain, it is necessary to attain sufficient environmental perception, which remains a current challenge. 
IV. METHODS
A 0.17 m height and 0.30 m depth are selected as the typical dimensions of a step. Figure 6 (a) shows the case of three steps and indicates that when climbing up/down the three steps obliquely, it is necessary for both a front wheel and a rear wheel to perform a leg motion simultaneously. That is why this study considers one-step and two-step cases. The entering-angle is defined in Fig.6 (b) . Since θ foot is constant, the leg-motion wheel does not reach the step in the case of a large entering-angle (Fig. 6(c) ). Considering these points, the tests of P-WA are performed at every 10 • from 0 to 60 • entering-angles.
To evaluate the performance of climbing up/down steps, simulation with the Open Dynamics Engine (ODE) is used in this study. Figure 7 is the comparison between an experimental and a simulated result when P-WA climbs up one step with a 0 • -entering-angle. The driver (65 kg) does not actively control his posture in the experiment and the mass of 65 kg is added on the seat of P-WA in all of simulations. These photos show that the results were almost the same. In the experiment in Fig. 7 , the rear wheel reached the step with a 2 s delay compared to the simulation. This happened due to the delay in the driver giving the progress command to P-WA. In the case of using the ODE, since it is difficult to emulate the photoelectric sensors on the wheels, the detection signal for an obstacle/edge is manually given through a keyboard when the wheel meets the obstacle. The supplemental movie of this paper, which is the comparison movie between the simulation and the experiment, is attached to this journal site.
The reasons for using simulation with the ODE are as follows:
• The trajectory of the body when crossing steps is easily obtained.
• The timing error of the detection signal for an obstacle/edge can be reduced because the timing error of the real machine becomes larger at larger entering-angles due to the attached position of the sensor (Fig. 1(*) ).
V. RESULTS Figure 8 shows the result when P-WA climbed up one step with a 40 • -entering-angle. The direction of P-WA is towards the Y-axis in the world coordinates at 0 s. Except during leg motions, the straight speed command of 0.5 m/s is given to P-WA. The angles data of the main axes of P-WA are in Fig. 8(a) , the positions of the seat sliders and the stability margin of P-WA including the driver are in Fig. 8(b) , and the trajectory (X, Y and Z position in the world coordinates) of the center of the main body part and the yaw angle of the body are in Fig. 8(c) . The U1, U2, U3 and R periods are displayed with colors in Fig. 8 . P-WA detected the step in front of the front-left wheel, and a U1 period began at 1 s. In this U1 period, the seat was moved to the right because the support polygon is composed of the front-right wheel, rearleft wheel and rear-right wheel ( Fig. 8(b) ). A U2 period began at 2.5 s, where the front steering was turned for one-footstep angle, and the front rolling system was turned to lift the legmotion wheel ( Fig. 8(a) ). During the U2 period, the stability margin was lower than in other periods because P-WA was supported by three wheels, but the value is greater than 0, and this means it is statically stable (P-WA does not fall down). An R period began at 6 s, where the front steering angle was reset to zero followed by the rear steering. In the same manner, after the front-left wheel's leg motion, the front-right wheel, rearleft wheel and rear-right wheel performed their leg motions in order. The pitch and roll angles of the seat are kept horizontal (within ±5 • ) through the movement because the pitching and front/rear rolling axes are controlled by Eq. (3) in the wheel mode, and the pitching and support-leg-side rolling axes are controlled by Eq. (3) in the leg mode. As Fig. 8(c) shows, the Z position of the body of P-WA in the world coordinates increased one leg motion by one leg motion, to a total of 0.17 m. The Y position of the body of P-WA in the world coordinates increased because P-WA faced towards the Y direction in the world coordinates at the beginning and advanced forward. When crossing the step, the yaw angle of P-WA changed as shown in Fig. 8(c) . Figure 8(d) shows the main scenes of the simulation (the time in Fig. 8(d) is within
±0.5 s accuracy).
The result for one-step-up with various entering-angles is in Table 2 . P-WA can climb up one-step with 0, 10, 20, 30 and 
40
• -entering-angles successfully. The order of leg motion is the same in these successful movements. For entering-angles greater than 50 • , the rear-left wheel reached the step after the front-left wheel (the first leg motion) and began its leg motion. However, the rear-left wheel was not able to reach on the step shown as Fig. 9(a) , and P-WA failed the climbing. Figure 10 is the result when P-WA climbed down one-step with a 50 • -entering-angle successfully. The stability margin of P-WA including the driver is shown in Fig. 10(b) . At the leg motion for a downward step, since four wheels always support the body, the stability margin is larger than that of Fig. 8(b) . At the beginning of the simulation, P-WA is on the step, which is why the Z position of the body (Fig. 10(c) ) is 0.17 m larger than on the ground. The order of the leg motions was front-left wheel, front-right wheel, rear-left wheel and rear-right wheel. Table 2 displays all the results for one-step-down. P-WA can successfully climb down one-step with every enteringangle. In the case of the 60 • -entering-angle, the leg motion of the rear-left wheel occurred after that of the front-left wheel. (2), and the movement was a success. The number in ( ) means which step the wheel meets, that is, the first step or the second step. As in Fig. 8 , the seat was kept almost horizontal, and the stability margin of P-WA including the driver was more than 0. One of the differences from climbing up only one step is that leg motion happens soon after a previous leg motion because the possibility for a wheel to meet the steps is higher than in the case of one step. The period of the second recovering motion (R at 13 s) was shorter than that of the first one from 5 s to 8 s because the front-left wheel met the second step instantly during the second recovering motion. All the simulation results for the two-step-up are shown in Table 2 . When P-WA climbed up two steps with a 30 • -entering-angle, during RL-leg motion for the first step after the FL(1), FL(2), FR(1)-leg motions, the front-right wheel hit the second step, and P-WA failed to move forward (Fig. 9(b) ). In the cases of more than 50 • -entering-angles, P-WA failed to complete the two-step-up movement (Table 2) . Figure 12 is the data resulting when P-WA climbed down two steps successfully with a 20 • -entering-angle. The order of leg motions was FL(1), FR(1), FL(2), FR(2), RL(1), RR(1), RL(2), RR (2) . As in Fig. 10 , the seat was kept almost horizontal, and the stability margin of P-WA including the driver was more than 0. The results of two-step-down with 0-60 • -entering-angles are in Table 2 . Figure 9 (c) is the scene of failure in the case of the 30 • -entering-angle; during the frontright leg motion for the second step, the rear-left wheel fell down from the step. In the cases of more than 40 • -enteringangles (Table 2) , P-WA failed to complete the two-step-down movement.
VI. CONCLUSION
The mobility performance of P-WA for steps was discussed in this paper. Conventional powered wheelchairs are supposed to climb up/down steps with a 0 • -entering-angle, that is, not obliquely. On the other hand, P-WA can cross steps obliquely, and its performance in terms of the number of steps and the entering-angle were evaluated. In the proposed algorithm, in spite of the footstep angle being fixed, P-WA can climb up one step with 0-40 • -entering-angles and up two steps with 0-20 • -entering-angles; it can climb down one step with 0-60 • -entering-angles and down two steps with 0-20 • -entering-angles. To summarize in terms of the number of steps,
• for one step, the entering-angle can be varied from 0-40 • ,
• for two steps, the entering-angle can be varied from 0-20 • .
The ability to cross steps obliquely is one of the strong points of P-WA and is convenient for practical use in daily activities. However, the fixed footstep angle in the proposed algorithm cannot deal with the situation where a support wheel meets a new obstacle during the leg motion. To solve this problem, it is necessary to recognize the terrain shape and size accurately and to adapt the gait of P-WA according to the terrain. This is a topic of future studies. In addition, we plan to propose a method to move two wheels for two obstacles simultaneously for high mobility performance in the future. VOLUME 5, 2017 
